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A B S T R A C T
We address a long-standing problem of how nutrients are transported from the shelf edge and from rivers to support regular, seasonal primary production in the
interior of a wide, temperate, shelf sea. Cross-shelf sections of hydrography and nutrients, from a series of cruises between March 2014 and August 2015, along with
time series of river discharge and river nutrient load are used to assess the seasonality of cross-shelf transports. Riverine nitrogen inputs are estimated to account for
30% of the nitrate available for the spring bloom on the inner shelf, and 10% in the mid- to outer-shelf. In the bottom layer in summer, high salinity, nutrient-rich
waters are transported on-shelf as a result of wind-driven Ekman transport, cross-shelf pressure gradients and/or internal tidal wave Stoke’s drift. In the centre of the
shelf this advection is responsible for 25% of the increase in bottom water nitrate seen between April and November 2014. The remaining nitrate increase suggests
that about 50–62% of the nitrogen ﬁxed into organic material during spring, summer and autumn phytoplankton growth is recycled in the bottom water over the
12months between March 2014 and March 2015. In winter, when the water column is vertically mixed, there is a weak net oﬀ-shelf transport of about 1m2 s−1,
possibly driven by a reversal of the horizontal density gradient caused by excess cooling of shallower shelf waters. Overall, shelf nitrate concentrations are main-
tained by a combination of riverine supply, recycling of organic material, and summer on-shelf transports. We suggest that the main driver of inter-annual variability
in pre-spring nitrate concentrations is variability in the depth of the winter mixed layer over the shelf slope.
1. Introduction
Compared to their relatively small size, continental shelves are
highly productive regions. Despite accounting for only 9% and 0.5% of
the ocean’s area and volume respectively (Simpson and Sharples,
2012), it is estimated that ∼20% of the global ocean annual primary
production takes place on continental shelves (Behrenﬂed et al., 2005;
Jahnke, 2010). Globally, rivers supply about 1.6 Tmol of dissolved in-
organic nitrogen (DIN: NO2, NO3 and NH4) per year with about 25% of
this thought to be used by biogeochemical processes on the shelf
(Sharples et al., 2017). However, DIN supplied from rivers is generally
low compared to oceanic input. The open ocean is generally viewed as
the dominant source of nutrients to the shelf, supplying between 85 and
90% of the nitrogen and 56–58% of the phosphorus required by shelf
seas (Liu et al., 2010).
For a wide continental shelf sea it is unclear how nutrients supplied
at the coastal and ocean boundaries are transported into the interior of
the shelf to drive primary production. The concept of a ‘down-welling
circulation’ as a mechanism for driving the continental shelf pump
(Holt et al., 2009), where waters enter the shelf at the surface and leave
at depth, is able to account for the export of carbon oﬀ-shelf but does
not provide a physical means of nutrient supply to bottom waters. The
nutrient distribution along and across a shelf will be controlled by the
particular seasonal dynamics of the shelf (e.g. Liu et al., 2000; Roughan
and Middleton, 2002). The question we address here concerns how
nutrients supplied either at the open ocean or coastal boundaries of a
wide, temperate shelf system are able to penetrate into the interior of
the shelf sea to support the regular seasonal high primary production
(e.g. Hickman et al., this issue; Seguro et al., this issue).
The focus of this study is the Celtic Sea (Fig. 1), an approximately
500 km wide section of the Northwest European Shelf (Huthnance
et al., 2009). It is supplied with low salinity water from the Bristol
Channel (Uncles, 1984; Hydes et al., 2004), as seen in Fig. 1, and is
connected to the deep Northeast Atlantic Ocean across a steep shelf
edge. The hydrography of the Bristol Channel is mainly linked to sea-
sonal variability in the riverine ﬂows (e.g. Uncles, 2010). Winter is the
wettest season in the region (Pingree, 1980) and the freshwater ﬂow
into the Bristol Channel is a maximum during this period (Uncles and
Radford, 1980; Uncles, 2010). The shallow water depth and strong tidal
currents within the Bristol Channel ensure that the water column is
mixed throughout the year (Uncles, 2010). During the summer near the
mouth of the Bristol Channel, freshwater may contribute to 50% of the
buoyancy input (Brown et al., 2003; Young et al., 2004). Beyond the
mouth, the fresher waters strengthen horizontal gradients in the
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northern Celtic Sea (Brown et al., 2003; Young et al., 2004). However,
the buoyant low salinity water from the Bristol Channel is mainly di-
verted northward by the eﬀect of the Earth’s rotation, so its inﬂuence
across the wider Celtic Sea to the south is likely to be limited. In con-
trast, it has been inferred that high salinity water from the Atlantic
Ocean makes its way across the Celtic Sea and into St. Georges Channel
(e.g. Hydes et al., 2004; Bowers et al., 2013). Thus, the Celtic Sea is a
wide transition zone where oceanic waters with initially high salinity
are gradually diluted as they progress northwards, eventually entering
the Irish Sea (Brown et al., 2003; Gowen and Stewart, 2005).
Away from the inﬂuence of the Bristol Channel, the Celtic Sea is a
typical temperate shelf system, where the seasonal changes in water
column structure are governed by a competition between surface
heating and vertical mixing, the latter formed by varying contributions
from tidal currents, wind stress and convective mixing (e.g. Simpson,
1981). In winter, convection (surface heat loss), the tide, and enhanced
winds vertically mix the water column. In spring vertical stratiﬁcation
begins once the rate of heating is able to overcome the ability of tidal
and wind mixing in redistributing the heat. This seasonally-stratifying
region is bounded to the north by the Irish Sea. Most of the Irish Sea
remains fully mixed all year, due to shallow water and strong tidal
currents, with a tidal mixing front in St. Georges Channel separating the
Irish Sea from the stratiﬁed Celtic Sea in summer (Simpson, 1976;
Horsburgh et al., 2000). East of the Celtic Sea is the English Channel
with relatively high salinity originating from the North Atlantic Ocean
via the Celtic Sea (Uncles and Stephens, 2007).
To the south and west the Celtic Sea is bounded by the shelf edge
and the adjacent Northeast Atlantic Ocean. The shelf edge and slope
region guide a slope current of generally salty water (Pingree and Le
Cann, 1989; Holt et al., 2009), with strong internal mixing over the
200m isobath caused by a breaking internal tide during the stratiﬁed
season (New, 1988; New and Pingree, 1990).
In this paper we demonstrate that seasonality in the outﬂow from
the Bristol Channel combined with the high salinity boundary of the
Northeast Atlantic Ocean set up cross-shelf gradients in density that
drive shelf-wide circulation and important cross-shelf transports. We
show that despite the dilution of riverine water, the rivers supply an
important fraction of the nutrients to the Celtic Sea. However, we ﬁnd
that the nutrients available to each year’s spring bloom are a combi-
nation of ocean-supplied nutrients and recycled material from the
previous year.
2. Methods
We combine hydrographic and nutrient data collected by the UK
Shelf Sea Biogeochemistry (SSB) Programme (Sharples et al., this issue)
along with river ﬂow and nutrient time series from tributaries of the
Bristol Channel to build a seasonally resolved understanding of shelf-
scale density distributions, circulation and nutrient transports.
2.1. CTD transects
Hydrographic data were collected between March 2014 and August
2015 during 9 oceanographic cruises on board the ships RRS Discovery
and RRS James Cook. On each cruise a Seabird 911plus CTD
(Conductivity, Temperature and Depth) system collected full water
column proﬁles of temperature, conductivity and pressure. Raw data
was processed onto a 1 db grid using standard Seabird Data Processing
Software and customized quality control routines. Derived salinity was
subsequently calibrated against in situ samples analysed on a Guildline
Autosal salinometer. The TEOS-10 functions (IOC et al., 2010) were
used to derive thermodynamic properties. A total of 315 CTD casts were
performed along the track shown in Fig. 1, and used to construct cross-
shelf sections of conservative temperature, absolute salinity and po-
tential density during each cruise. The main cross-shelf CTD transect
was set orthogonal to the shelf edge and the general slope of the con-
tinental shelf. Spatial interpolation of bottom water density measure-
ments made from a towed undulating CTD package in June 2010 across
a 284 km by 146 km area (Fig. 1) also conﬁrmed that the transect was
orthogonal to the typical orientation of bottom water isopycnals. The
Fig. 1. Map of the Celtic Sea. Black diamonds
show the location of CTD casts. Black circles in-
dicate the location of rivers discharging into the
Bristol Channel where nutrient data was available.
S and W stand for the Severn and Wye Rivers, re-
spectively. The blue asterisk is the reference used
in the hydrographic sections. Locations of the
Celtic Deep (CD), East of Haig Fras (EHF) and
Central Celtic Sea (CCS) moorings are marked by
blue circles and in parenthesis distance to the blue
asterisk. The density at 75m between the shelf
edge and central shelf is based on interpolation of
8 towed undulating CTD transects in June 2010.
Red contours, every 0.1 g kg−1, are the surface
salinity in May 2015 constructed from the ships
underway sampling. Vectors indicate the average
wind speed (4.41m s−1 in the north and
3.06m s−1 in the south) from 1st January 2014 to
31st December 2015 from Era-interim data. (For
interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web
version of this article.)
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distance along each hydrographic transect is measured from the eastern
side of St. Georges Channel, north of the Bristol Channel mouth (blue
asterisk at 51.79°N, 5.2°W; 0 km in Fig. 1). The distance between CTD
stations was on average 25 km and a minimum of 5 km, much greater
than (on average), or as a minimum equal to the spatial scale of semi-
diurnal tidal excursions in the Celtic Sea (Polton, 2015). Although each
CTD transect was typically completed over 2–4weeks, given our focus
on low frequency and seasonal variability each transect was assumed to
be a synoptic picture of that month. Evolution of the hydrographic
structures was consistent with the long-term mooring time series of
velocity and hydrography, described later in Section 2.4, conﬁrming
that each transect represents a synoptic picture on the time scales of
interest. The coarser spatial resolution of the sampling in March 2014
and 2015 on the shelf, between 250 km and 450 km distance from the
coast, was augmented by using surface temperature and (calibrated)
salinity data (from 6m depth) recorded continuously along the ship’s
path. The water column is vertically mixed during these months
(Huthnance et al., 2001; Whisgott et al., this issue), therefore the sur-
face temperature and salinity values are representative of the whole
water column.
Absolute salinity is used as a conservative tracer to track the
movement of the waters in the Celtic Sea. The 35.2 and 35.7 g kg−1
isohalines were used to identify the inﬂuence of fresher water from the
Bristol Channel and high salinity Atlantic Water, respectively. In pre-
vious studies around the Bristol Channel mouth and south of St.
Georges Channel (e.g. Brown et al., 2003) salinities below 35 have been
used to describe waters from river origin. In this research the salinity
chosen (< 35.2 g kg−1) to represent the fresher water inﬂuence is based
on the new equation of state (IOC et al., 2010), where Absolute Salinity
shows an increase of about 0.17 units compared to practical salinity.
2.2. CTD nutrient data
Water samples were collected on average from 6 depths between the
surface and near bed on each CTD cast and analyzed onboard for dis-
solved inorganic nutrients using a 5-channel Bran and Luebbe AAII
segmented ﬂow auto-analyser following the molybdenum blue method.
For further details can be found in Woodward (2016) and Poulton et al.
(this issue). Our focus here is on nitrite (NO2) plus nitrate (NO3) (re-
ferred to for the rest of this paper as nitrate), with nitrogen generally
being the limiting nutrient for new primary production in this system
(Holligan et al., 1984; Pemberton et al., 2004; Davis et al., 2014).
Supported by measurements taken during the cruises (e.g. Garcia-
Martin et al., this issue; Poulton et al., this issue; Hickman et al., this
issue), we assume that nitrate at 80 m depth, i.e. below the seasonal
pycnocline and much deeper than the Euphotic zone (1% light level is
46 m), is largely unaﬀected by phytoplankton consumption, and
therefore nitrate can be considered a quasi-conservative tracer. The
nitrate-salinity relationship from March 2014 was used as the pre-
spring bloom state of shelf nitrate distributions, and to provide esti-
mates of the physical transport of nitrate in bottom waters at CCS
throughout the rest of the stratiﬁed period of the year by tracking the
movement of isohalines. Subsequent increases in bottom water nitrate
concentrations above the values estimated from the conservative be-
havior based on the March nitrate-salinity relationship are then as-
sumed to indicate addition of deep shelf water nitrate by regeneration
of organic material.
2.3. River discharge and nutrient load
Daily river ﬂow data, provided by Natural Resources Wales and the
National River Flow Archive, from 33 tributaries that discharge into the
Bristol Channel were added together to quantify the total freshwater
input into the Bristol Channel between the 1st of July 2013 and the
30th of September 2015. After analysing the hydrographic data, the
Bristol Channel was identiﬁed as the main source of fresher water;
therefore only tributaries that discharge directly into the channel were
considered (Fig. 1). Although data were not available for all, the Severn
and the Wye Rivers are included which are the main freshwater sup-
pliers accounting for about 54% of the total input of freshwater (Uncles
and Radford, 1980; Jonas and Millward, 2010).
Time series data provided by Cefas (courtesy of Dr. Sonja van
Leeuwen) were used to assess the total inorganic nitrogen (NH4, NO2
and NO3) input into the Bristol Channel from 9 tributaries (black circles
in Fig. 1). Water samples were analysed for NH4, NO2 and TON (Total
Oxidised Nitrogen) using a Konelab discrete analyser at the National
Laboratory Service (http://natlabs.co.uk). NO3 was then calculated
from TON and NO2 (TON−NO2=NO3). NH4 is not included in CTD
nutrient data.
As reported in Jonas and Millward (2010) the contribution to the
total inorganic nitrogen load made by each tributary scales with their
freshwater discharges. Of the total inorganic nitrogen input supplied by
the 9 tributaries summed here, the Severn and Wye Rivers account for
43% of the 2013–2014 winter total. Additional contributions from the
Bristol Avon, Cadoxten, Parrett, Rhymney, Taﬀ, Thaw and Usk, many of
which are identiﬁed as signiﬁcant contributors to both the freshwater
and total inorganic nitrogen load by Jonas and Millward (2010) are also
accounted for. Data in the period between the 1st of October 2013 and
the 30th of September 2014 are used here.
2.4. Moorings
Salinity time series from moorings located in the central Celtic Sea
(CCS) and the Celtic Deep (CD) (Fig. 1) were available with temporal
resolutions of 5 and 30min respectively (Wihsgott et al., 2016; Hull
et al., 2017). The surface salinity time series at CD was collected be-
tween the 23rd March 2014 and the 8th July 2015. At CCS two salinity
time series were used to compare the hydrographic conditions in the
upper and bottom layers, at 20m and 120m below the sea surface,
between the 26th March 2014 and the 23rd of August 2015. The sali-
nities were calibrated against in situ samples analysed on a Guildline
Autosal Salinometer with a stated accuracy of< ±0.002 psu. All three
salinity time series were ﬁltered using a low-pass Lanczos ﬁlter
(Thompson and Emery, 2014) with a cut-oﬀ frequency of 1/24 h−1, so
only ﬂuctuations with periods longer than 1 day were considered.
ADCP velocity time series at CCS, Celtic Deep and at a site referred
to as East of Haig Fras (Fig. 1) are used to assess the speed and direction
of bottom water currents. Near full water column velocity time series
were available at CCS between the 22nd June 2014 and the 25th July
2015, with a 57 day gap during early summer 2014 (Wihsgott et al.,
2018). Velocities were recorded in 2.5m vertical bins between 7.5 m
and 127.5m above the seaﬂoor (mean total water depth of 147m), over
2.5 min ensembles. At East of Haig Fras (EHF) and at the Celtic Deep,
velocities were recorded every hour within the bottom 40m of the
water column only, at a vertical resolution of 0.5m (Thompson et al.,
2017, 2018). Data was successfully returned at EHF from 22nd March
2014 to 24th October 2014 and then from 17th March 2015 to 30th
August 2015. At the Celtic Deep velocities were recorded from autumn
2014 until spring 2015 (23rd October 2014 to 8th May 2015), with a
short 22 day gap starting mid-February 2015.
A depth mean of the instantaneous velocities within the bottom
40m of the water column at all sites was calculated. Temporal aver-
aging was then performed within a moving window of twenty M2 tidal
periods (10.3 days). These time series reveal the net movement of near
bottom water across the shelf on an approximate 10 day time scale and
are used to independently support the estimates of transport inferred
from the movement of isohalines across the shelf.
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3. Results
3.1. Shelf-wide seasonal hydrography
In March 2014 and 2015 the Celtic Sea was vertically mixed with
cross-shelf horizontal gradients in conservative temperature (Fig. 2a
and e). Relatively cold waters with values below 10 °C were located
over the central Celtic shelf while slightly warmer waters were located
near the shelf break. In April and May 2015 the water column gained
heat and the upper 30m warmed up across the entire shelf (Fig. 2f and
g). A two-layer system had developed by May (Fig. 2g) with a weak
thermocline at a depth of about 50m separating upper and lower layers
with temperatures of 11.5 °C and 10 °C respectively. Throughout
summer, June to August (Fig. 2b, c, h, and i), vertical thermal strati-
ﬁcation strengthened. Maximum near surface temperatures of 16 °C
occurred in August (Fig. 2c and i). In autumn, November (Fig. 2d), the
thermocline deepened below 50m, as the surface layer cooled and
generated convective vertical mixing. Throughout the year water near
the shelf break (approximately 450 km; depth of 200m) remained
warmer than bottom water across the rest of the shelf, probably because
of the along-slope ﬂow of warmer waters originating from more
southerly latitudes as well as strong internal tidal mixing acting to re-
distribute heat vertically.
In March 2014 and 2015 the vertical isohalines across the whole
shelf reﬂected the vertically well-mixed, isothermal conditions (Fig. 3a
and e). A horizontal cross-shelf salinity gradient was maintained be-
tween the low salinity input of the Bristol Channel in the north and the
high salinity (> 35.7 g kg−1) oceanic water near the shelf edge. In April
2015 (Fig. 3f) a band of low salinity water (35.2 g kg−1) was observed
in the northern Celtic Sea and remained within 100–150 km of St.
Georges Channel. The 35.2 g kg−1 isohaline was vertically sheared,
with lower salinity water extending further oﬀshore above the ther-
mocline. Noting that isohalines during the previous winter were ver-
tical, this suggests an oﬀshore transport of low salinity surface water.
Through late spring and summer of both years (Fig. 3b, c, g, h, and i)
this suggestion of diﬀerential transport between surface and bottom
layers strengthened, with marked shear also observed in the 35.4 and
35.45 g kg−1 isohalines further out across the central shelf.
The salinity of bottom water across the Celtic Sea increased from
March into late autumn (Fig. 4a). Between March and August 2014, the
35.6 g kg−1 isohaline at the sea bed moved from the shelf edge to just
beyond CCS, a distance of approximately 100 km. This isohaline was
initially vertical in March, but sheared in August, suggesting a persis-
tent on-shelf transport of bottom water over the summer and autumn
months. In 2015 the 35.6 g kg−1 isohaline did not move as far. Instead,
evidence of on-shelf bottom water transport is found in the 35.5 g kg−1
isohaline that moved 120 km onshore between March and August 2015.
In 2014 and 2015 the mean onshore ﬂows inferred from this movement
in salinity were about 1 km day−1 (Fig. 4b). Maximum velocities above
1.5 km day−1 occurred in November 2014 and August 2015.
The ingression of more saline oceanic water onto the shelf beneath
the thermocline and the oﬀshore spread of fresher water above it en-
sured that much of the Celtic Sea was vertically stratiﬁed in salinity as
well as temperature throughout the summer.
Between November 2014 and March 2015 there is an indication of
water moving from mid-shelf towards the outer shelf and shelf edge. All
isohalines in November 2014 make some progress towards the shelf
edge (Fig. 3d and e). A consistent oﬀ-shelf movement occurred
(0.8 km day−1) from December 2014 to April 2015 (Fig. 4b) of bottom
water salinity as a part of the broader seasonal cycle of salinity varia-
tions (Fig. 4). However, the extent of the apparent movement will be
altered due to vertical mixing from mid-December through to March
(Fig. 4a).
Together, the temperature and salinity structures determined the
vertical and horizontal density gradients across the Celtic Sea (Fig. 5).
From May to August (Fig. 5b, c, g, h, and i) the bottom-surface density
diﬀerence across most of the shelf was 1 to 1.2 kgm−3. June, July and
August were the most strongly stratiﬁed (Fig. 5b, h and i). The pyc-
nocline, over both the shelf and the deep ocean, was deﬁned by the
1026.8 and 1027 kgm−3 isopycnals. The development of a low salinity
surface plume in April 2015 (Fig. 5f) once weak vertical thermal stra-
tiﬁcation had started was reﬂected in a 30–40m thick anomalously low
Fig. 2. Conservative temperature sections across the Celtic Sea. Vertical gray lines indicate the location of the CTD casts. Gray circles at the bottom show the position
of the moorings at Celtic Deep (CD) and the central Celtic Sea (CCS).
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density surface layer in the north of the Celtic Sea.
Beneath the pycnocline there were important cross-shelf gradients
in bottom water density (Fig. 6). Throughout the year, the bottom water
density from CCS towards the shelf-edge typically decreases; this gra-
dient intensiﬁes during the latter half of the summer and into autumn as
water at the shelf edge becomes increasingly warmer compared to the
central shelf. Moving on-shelf from CCS towards the coast there is also a
general decrease in density with a persistent mid-shelf maximum in
bottom water density varying seasonally between about 200 and
350 km from the northern end of the transect line.
3.2. Near bed ADCP velocities
The direction and magnitude of near bed velocities recorded at CCS,
East of Haig Fras (EHF) and at the Celtic Deep (CD) are supportive of
the direction and magnitude of ﬂows inferred from the movement of
isohalines (Fig. 7). During April at CCS there was on average a
1 km day−1 current directed increasingly on-shelf in the bottom 40m of
the water column (Fig. 7a). At the end of April strong, on-shelf north-
eastward velocities of 1.8 km day−1 were recorded. Much weaker on-
shelf ﬂows were observed at CCS throughout July and early August, in
agreement with the 0(0.5 km day−1) velocities predicted from the
Fig. 3. Absolute salinity sections across the Celtic Sea. CTD casts and mooring locations marked as per Fig. 2. White contours represent the 35.2 (g kg−1) isohaline
that indicates the presence of fresher water.
Fig. 4. (a) Bottom water absolute salinity (at 80m)
along the CTD transect and (b) velocities calculated
from the isohaline displacement along the CTD
transect. Gray dashed lines show the location of CD,
EHF and CCS. Location of the shelf break is re-
presented by -.- gray line. Black asterisks in (b)
indicate where CTD casts were carried out.
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isohaline movement (Fig. 4b). During the second half of August, how-
ever velocities increase to on average 1.7 km day−1 and the current
turns towards the northeast (on-shelf), the timing of which is consistent
with the predicted increase in on-shelf ﬂow at this time (Fig. 4).
Throughout September, October and early November episodes of op-
posing strong (1–3 km day−1) on-shelf and oﬀ-shelf ﬂow occur. The net
result is a weak (0.1 km day−1) east-northeast ﬂow, which is supportive
of the reduced on-shelf movement of isohalines over this period at CCS.
Isohaline movements at CCS during 2015 predict on-shelf transport
from May onwards, increasing to 0.8 km day−1 in early August 2015
(Fig. 4b). Bottom currents from the ADCP at CCS average 0.6 km day−1
north-east, directly on-shelf between 1st May 2015 and the end of July
2015.
As is observed at CCS, the latter half of April 2014 at Haig Fras is
dominated by strong on-shelf bottom water ﬂows, peaking at
3 km day−1 (Fig. 7b). The predicted oﬀ-shelf movement during August
2014 (Fig. 4b) is supported by a period of sustained 0.5 km day−1 oﬀ-
shelf ﬂow recorded by the ADCP at Haig Fras. In 2015 the latter stages
of signiﬁcant oﬀ-shelf winter transport at Haig Fras estimated from the
isohaline displacement is supported by an average ﬂow of 1.2 km day−1
Fig. 5. Potential density sections across the Celtic Sea. CTD casts and mooring locations marked as per Fig. 2.
Fig. 6. Bottom water density (at 80m) along the CTD transects. Shelf edge, CD, EHF and CCS locations indicated as per Fig. 4a.
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southward between 22nd March and 13th April 2015.
The ADCP record at CCS over the winter months conﬁrms the an-
ticipated oﬀ-shelf movement of bottom water. Between the 26th
November 2015 and 26th January 2015 the bottom water currents
averaged 0.9 km day−1 towards the south (Fig. 7a). During the re-
mainder of the well mixed period at CCS bottom water currents oscil-
lated between being on– and oﬀ-shelf, suggesting that the majority of
the oﬀ-shelf transport over the outer shelf likely occurred during early
winter, a detail that is reﬂected by the sharp decrease in bottom water
salinity recorded during December 2014 at CCS (Fig. 8c). Further on-
shelf at the Celtic Deep near bed currents over the winter were stronger
and more persistently oﬀ-shelf (Fig. 7c), averaging 1.2 km day−1
southwest between 5th December and 1st May 2015, and in agreement
with the greater cross-shelf displacements estimated for lower value
isohalines.
3.3. River ﬂow, nutrient and salinity time series
River discharge into the Bristol Channel was greatest during winter
(Fig. 8a). Maximum ﬂows of 1800m3 s−1 and 1200m3 s−1 were
reached during the winters of 2013/2014 and 2014/2015, respectively.
Relatively high discharge was sustained throughout most of the 2013/
Fig. 7. Mean velocities within the bottom 40m of the water column at (a) CCS, (b) East of Haig Fras and (c) Celtic Deep. At each location, the instantaneous velocities
were averaged within a running window of 20×M2 tidal periods (10.3 days). For clarity, one vector every 24 h is plotted. Note that panel (c) has a diﬀerent vertical
scale.
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2014 winter period (December to March), whereas 2014/2015 was
characterized by a series of smaller peaks (below 950m3 s−1) from
October onwards. After March, the river discharge decreased sig-
niﬁcantly and remained low throughout spring and summer.
The total nitrogen supply into the Bristol Channel is strongly cor-
related with the freshwater discharge (Fig. 8a) with a Pearson corre-
lation coeﬃcient (R2) of 0.97. Maximum input was during winter with
peak values above 700 tonnes of nitrogen day−1, decreasing to values
below 200 tonnes of nitrogen day−1 in spring and summer. We can
make an estimate of the nitrate contribution from rivers by assuming
that the total nitrogen (the sum of nitrate, nitrite and ammonium) in-
dicates the potential nitrate as the nitrogen enters the coastal sea.
Taking a mean winter discharge rate of 1200m3 s−1, or
1× 108m3 day−1, combined with a mean total nitrogen load of 550
tonnes per day suggests that the freshwater nitrate concentration
during the winter preceding spring 2014 was about 390mmol m−3.
At the Celtic Deep, in the northern Celtic Sea, the surface salinity
dropped from 35.4 g kg−1 in early May to 35 g kg−1 in mid-June 2014
(Fig. 8b). A pronounced 0.4–0.5 g kg−1 decrease in salinity also started
in mid-May 2015 and continued until the end of the record (July 2015).
For context, the range in surface water salinity experienced over a
spring tidal cycle at the Celtic Deep is 0.03 g kg−1 an order of magni-
tude less than the May decrease. These trends are consistent with the
perspective provided by the CTD transects (Fig. 3) and support the idea
of low salinity water spreading out over the northern Celtic Sea.
Throughout the latter half of summer 2014 the surface salinity at the
Celtic Deep increased and remained around values of 35.4 g kg−1 from
October onwards.
In the central Celtic Sea the bottom water salinity increased over the
summer and reached a maximum in November/December (Fig. 8c). A
pattern that is again consistent with the seasonal hydrographic sections
and which we interpret as indicating a near-bed transport of high
salinity water across the shelf. Sustained periods of time between July
2014 and January 2015, where the top to bottom salinity diﬀerence
was 0.05–0.1 g kg−1, reveal prolonged episodes of vertical salinity
stratiﬁcation on the central shelf.
3.4. Nitrate distribution across the Celtic Sea
The distribution of nitrate across the shelf is shown in Fig. 9. During
both March 2014 and March 2015 (Fig. 9a and e), when the water
column was vertically well mixed, nitrate was also homogeneously
distributed throughout the water column. Across the shelf there was a
horizontal nitrate gradient with higher concentrations at the shelf edge
(8–9mmol m−3) decreasing to about 6mmol m−3 in the Celtic Deep.
Following the onset of stratiﬁcation in April (Fig. 9f), nitrate con-
centrations rapidly reduced to zero in the surface layer due to uptake by
primary producers (Garcia-Martin et al., this issue; Poulton et al., this
issue). The surface layer remained depleted of nitrate until the onset of
surface layer deepening arising from convective and wind-driven
mixing in autumn (Wihsgott et al., this issue). It is clear that convection
entrained deep-water nutrients up into the autumnal (Fig. 9d, No-
vember 2014) surface layer where nitrate reached 2–3mmol m−3.
In April 2015 (Fig. 9f), early spring, the bottom water nitrate con-
centration across the shelf was 6mmol m−3. A higher pool of nitrate
(> 8mmolm−3) was located seaward of the shelf-break. A pool of
higher bottom water nitrate (> 7mmolm−3) was also observed at the
northern end of the section, coincident with lower salinity water
(Fig. 3f), thought to originate from the Bristol Channel. Throughout the
stratiﬁed months (Fig. 9b-d and g-i) the bottom water nitrate con-
centration across the whole shelf increased, typically reaching
9–10mmol m−3 by August. The on-shelf movement of the 8mmol m−3
contour between April 2015 and May 2015 (Fig. 9f and g) appears to
imply that there was a physical transport across the shelf-break.
4. Discussion
Based on the patterns of the isohalines from the CTD sections
(Figs. 3 and 4) and the salinity time series at the mooring sites (Fig. 8)
the results indicate several important aspects of cross-shelf ﬂows. In
particular, (1) oﬀshore surface ﬂow of low density water in the north of
the transect in spring, (2) onshore ﬂows of bottom water in the central
Celtic Sea and near to the shelf edge during summer, and (3) oﬀ-shelf
ﬂows of bottom water across the shelf and towards the shelf edge
during winter. We will now consider each of these aspects of mean ﬂow
to assess the likely driving force and also to consider the consequences
for the transports of nutrients. While we lack data to track how the shelf
evolved over winter, we can make some assessment of the net changes
to the shelf system between November 2014 and March 2015 which are
relevant to understand whether or not the shelf receives new nutrients
from the ocean during winter. Finally, we will consider the implications
for nutrient supplies to the central Celtic Sea.
Fig. 8. (a) River discharge in m3 s−1 (dashed line)
and nutrient input in Tonnes of Nitrogen per day−1
(gray) into the Bristol Channel. Peak winter river
discharge occurs on 23rd December 2013 and 15th
January 2015. (b) Surface salinity at the Celtic
Deep mooring (solid line). Following peak river
discharge the salinity starts to decrease on 6th May
2014 and 13th May 2015. (c) Surface (20m, solid
line) and near bottom (140m, dashed line) salinity
at the central Celtic Sea (CCS) mooring. Open gray
circles in (b) and (c) are the salinities measured
independently from the CTD during the cruises and
validate the quality of the salinity time series at
each mooring.
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4.1. Surface oﬀshore ﬂow in the northern Celtic Sea
The low density, low salinity water exiting the Bristol Channel has
typically been assumed to mainly head north towards the Irish Sea as a
buoyancy-driven ﬂow inﬂuenced by Coriolis (Uncles, 2010). However,
salinity transects (Fig. 3) suggest a gradual freshening in the northern
Celtic Sea, and a sharpening of the horizontal salinity gradient, from
November 2014 through to April 2015. Riverine input from the
southern coast of Ireland into the Celtic Sea is minor and ﬂows west-
ward within a coastal current (Brown et al., 2003). Freshening of the
northern Celtic Sea between winter and spring is therefore more likely
to be associated with elevated winter discharge from the Bristol
Channel.
In April 2015, signiﬁcant shear in the salinity structure is clear, with
a plume-like low-salinity layer in the northern Celtic Sea developed
coincident with the thermally-stratiﬁed surface layer (Fig. 2). Over
most of the Celtic Sea in spring, surface salinity tends to reduce com-
pared to the bottom water, indicating an oﬀshore transport that sets up
a haline stratiﬁcation across the shelf that persists until winter (au-
tumnal) re-mixing. The shear of the 35.2 g kg−1 isohaline in April 2015
suggests a relative movement of the surface layer oﬀshore by about
35–40 km over the bottom layer. Assuming that this shear must have
developed after the March 2015 survey suggests a mean surface layer
ﬂow relative to the bottom layer of at least 1.4 km day−1 (1–2 cm s−1).
The position of the 35.2 g kg−1 isohaline stayed roughly constant after
this April 2015 event. The speed of the ﬂow, followed by the halt of
further oﬀshore progression, suggests initial relaxation of the horizontal
density gradient triggered by the spring thermal stratiﬁcation switching
oﬀ mixing between surface and bottom waters. This is akin to the ‘es-
tuarine-style’ baroclinic circulation described by Linden and Simpson
(1988) for a number of shallow seas and estuaries worldwide. As fresh
water from the Bristol Channel is allowed to extend towards the
northern Celtic Sea it is continually mixed with (and freshens) sur-
rounding water, a non-reversible process that extends the southward
inﬂuence of the Bristol Channel.
The width of the surface relaxation should equal a few internal
Rossby, R0:
=R
g h
f
ρ
ρ
0
Δ
s
o
(1)
where g=9.81m s−2, ρΔ is the bottom-surface density diﬀerence
(∼1.0 kgm−3), ρo the reference density (1027 kgm
−3), f the Coriolis
parameter and hs the surface layer thicknesses of about 40m. Using
these typical values R0 is ∼5.5 km. The width of the relaxation is
therefore about 7 times R0 (7× 5.5 km=38.5 km), a scaling that lies
within the range of values reported by Sharples et al. (2017) for the
width of a fresh water plume. The width of the relaxation will vary
depending on the prevailing wind conditions, the strength of the river
discharge, the level of tidal mixing and the strength of the existing
horizontal salinity gradient. Once the surface plume has reached its
maximum southward extent it will feel the eﬀects of rotation and the
low salinity water will join the cyclonic geostrophic gyre circulation
described by Horsburgh et al. (1998) and Brown et al. (2003).
The potential for nutrient supply from rivers to the Celtic Sea spring
bloom can be considered by noting the dilution of the salt content and
the initial river nutrient concentration of 390mmol m−3 which will be
modiﬁed by biogeochemical processing during transit from the rivers to
the Celtic Sea. An estimate of the transit time of fresh water from the
Severn Estuary and Bristol Channel to the Celtic Sea can be made by
considering the time between peak river discharge and the sharpening
of the horizontal salinity gradient and drop in surface salinity in the
northern Celtic Sea. In 2013/2014 the decrease in salinity at the Celtic
Deep (on 6th May 2014) takes place 4.5 months after peak river dis-
charge (on 23rd December 2013). In 2014/2015 a drop in salinity at the
Celtic Deep starts just 3.5months after the peak in river input (on 15th
January 2015), or a more conservative 4.5months if the earlier sec-
ondary peak in discharge during December 2014 is considered. On
average therefore, it takes about 4months for fresh water to reach the
northern Celtic Sea. For context, Uncles and Radford (1980) estimate
the residence time of the Severn Estuary (from Maisemore Wier north of
Gloucester to Minehead) to be about 100 days (3.3 months) in the
winter, a timescale well aligned with the evidence presented here.
A 4months transit time would imply a mean ﬂow of about
2–3 cm s−1, which is a reasonable value for a mean surface ﬂow in the
Fig. 9. Nitrate sections across the Celtic Sea. The black line represents the 8mmolm−3 contour.
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Bristol Channel (Uncles, 2010). Removal of nitrogen by biogeochemical
processing over 4months will reduce the riverine nitrate concentration.
Based on data collected from lakes, rivers, estuaries and continental
shelves Seitzinger et al. (2006) established a relationship between the
removal of DIN (by de-nitriﬁcation) from aquatic systems and the re-
sidence time of water within them whereby the percentage (%) of DIN
removed, DINrem, is related to the residence time Tres (months) by
DINrem= 23.4 Tres 0.204. This empirical relationship suggests that about
30% of the total riverine nitrate will be removed over 4months. It is
less clear how long the riverine inﬂuence would take to reach the CCS
mooring site, but assuming 6–12months, and again using the re-
lationship from Seitzinger et al. (2006) would mean a reduction in the
original riverine nitrogen input of between 34% and 40%. Taking the
oceanic salinity to be 35.7 g kg−1, and the spring salinities in the
northern Celtic Sea and at the CCS mooring site to be 35.4 and
35.55 g kg−1 respectively, results in the freshwater fraction to be 0.8%
in the north and 0.4% at CCS. Thus the contribution of river nitrate load
to the nitrate observed at the Celtic Deep in spring is about
2.2 mmol m−3 of the observed 7mmol m−3, so about 30% of the nitrate
available to the spring bloom in the Celtic Deep is riverine in origin. In
the central Celtic Sea, by the CCS mooring site, the same calculation
suggests 0.9–1.0mmol m−3 of river-sourced nitrate out of a total of
8–9mmol m−3, so approximately 10% of the nitrate available to the
spring bloom at CCS is riverine.
4.2. On-shelf bottom water ﬂows
In March 2014 the 35.6 g kg−1 isohaline was situated at the shelf
edge. During summer 2014 this water in the bottom layer moved ap-
proximately 100 km onto the shelf by August 2014. In spring-summer
2015 the same isohaline remained almost ﬁxed, just 30 km onto the
shelf from the shelf edge. The 35.5 g kg−1 isohaline, initially 25 km on-
shelf from CCS, had moved about 120 km further onto the shelf by July-
August 2015. Bottom water transports can be estimated by taking the
mean ﬂow implied by the isohaline movement and the thickness of the
layer. For March to August 2014 the movement of the 35.6 g kg−1
isohaline (speed approximately 0.87 km day−1 (1 cm s−1), layer
thickness 150m) suggests a transport of 1.5 m2 s−1. For March to July
2015, the movement of the 35.5 g kg−1 isohaline (speed approximately
0.87 km day−1, layer thickness 100m) suggests a transport of 1m2 s−1.
There are several potential mechanisms for driving this bottom
water across the shelf. We consider here: (1) horizontal dispersion
down the horizontal salinity gradient, (2) a compensating onshore
transport for a surface oﬀshore Ekman transport, (3) a mean density-
driven (or pressure gradient) transport, (4) the Stoke’s drift of an on-
shore propagating internal tidal wave, and (5) onshore baroclinic
transport of high salinity lenses in the pycnocline (Hopkins et al.,
2012).
(1) Horizontal dispersion
The timescale for horizontal dispersion can be estimated as Kh ΔsΔy
where Δs
Δy
is the horizontal salinity gradient and Kh is a horizontal dis-
persion coeﬃcient. Observations of dispersion coeﬃcients in shelf seas
are typically 10–600m2 s−1 (Sanders and Garvine, 2001; Houghton
et al., 2009). Taking a high value of 103 m2 s−1 suggests a timescale of
over 1 year for the observed bottom layer isohaline shifts in 2014 and
2015, much slower than the observed transport.
(2) Ekman transport
For the surface Ekman transport we take the mean cross-shelf
Ekman transport between March and September 2014 and 2015 cal-
culated as τ ρ/ fw o with τw the averaged along-shelf edge wind stress
(0.01 and 0.02 Nm−2 in 2014 and 2015 respectively),
ρo∼ 1027 kgm−3 and f the Coriolis parameter at latitude 48°N. In both
years we ﬁnd a weak net oﬀ-shelf wind-driven surface Ekman transport
of 0.1–0.2m2 s−1, which would drive a weak compensating on-shelf
return ﬂow in the bottom layer.
(3) Pressure-gradient ﬂow
A consistent feature of all of the CTD sections is a cross-shelf
Fig. 10. (a) Depth averaged density across the Celtic Sea between CCS and CD. (b) Pressure gradient across the Celtic Sea. The black contour in (b) represents the
0m s−2 pressure gradient. Positive values indicate on-shelf acceleration.
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horizontal density gradient (Fig. 6) set up by the salinity gradient
(Fig. 4a), and modiﬁed by seasonal changes in the horizontal tem-
perature structure. The pressure gradients associated with contrasts in
density across the outer shelf are conducive to driving on-shelf trans-
ports in the bottom layer (Fig. 10). Outside of the bottom turbulent
boundary layer the pressure gradient will be balanced by Coriolis, and
there would be no net transport down the density gradient. However,
this balance breaks down in the bottom boundary layer, allowing down-
gradient transport. We assume a simple balance between the horizontal
pressure gradient ∂
∂( )ρ1 Py0 and stress, τ , to occur within a bottom tur-
bulent boundary layer of thickness hBL:
∂
∂
=
∂
∂ρ ρ
τ1 P
y
1
z0 0 (2)
Taking the vertical gradient in stress ∂
∂( )τz to be approximated by the
eﬀect of bed friction, =τ ρk vb b o 2 with kb∼ 0.0025 the bottom drag
coeﬃcient, ρ0 the average density and v the mean current speed in the
bottom layer, distributed through the bottom boundary layer,
∂
∂
=
ρ ρ
ρ1 P
y
1 k v
h0 0
b o
2
BL (3)
for the total transport in the bottom boundary layer, hBL, we have:
=
∂
∂ρ
vh h
k
1 P
yBL
BL
3
b 0 (4)
For hBL we take the height above the seabed within which most of
the velocity shear was located. Based on the current meter data avail-
able from the mooring at CCS this was ∼40m. Density was depth
averaged from the surface to 80m depth for each oceanographic survey
every 25 km between 100 km and the central Celtic Sea mooring site.
The depth averaged density was used to calculate the pressure gradient
force at 80m along the hydrographic transect. In both years, the typical
mean near bed pressure gradient term, ∂
∂ρ
1 P
y0
, across the central shelf
(between 100 and 350 km) from April to August was about
0.7–1.2×10−7 m s−2. Using these values in equation (3) gives velo-
cities between 2.9 and 3.8 km day−1 (0.03–0.045m s−1), which are of
the same order to the ones calculated following the salinity contours
(Fig. 4b), and a transport 1.3–1.8 m2 s−1. This should be viewed as an
upper limit, as we would expect some of this ﬂow to be diverted across
the pressure gradient by Coriolis.
(4) Internal tide Stoke’s drift
The Celtic Sea is inﬂuenced by internal tidal waves, generated at the
shelf slope and propagating at least 170 km into the Celtic Sea (Inall
et al., 2011). At CCS semi-diurnal isopycnal displacements character-
istic of a propagating internal tide ﬁrst appear in April, shortly after the
onset of stratiﬁcation, and persist until December when the water
column becomes isothermal again (Wihsgott, 2018). Evidence of iso-
therm displacement can also be found at the Celtic Deep, over 300 km
from the shelf edge (not shown). The bottom layer Stoke’s drift volume
transport, VSt, associated with a propagating internal tidal wave is es-
timated from
=V 1
2
kA ccoth(kh )St 02 b (5)
with k (m−1) the wavenumber, A0 (m) the wave amplitude and hb (m)
the bottom layer thickness (Simpson and Sharples, 2012). The wave
speed is estimated from
=
ρ
ρ
c gΔ h
0
b
(6)
where g=9.81m s−2, and ρΔ is the bottom-surface density diﬀerence
(∼1 kg m−3). Using typical values for the wavelength (35 km) and
amplitude (15m) for the internal tidal wave on the shelf (Inall et al,
2011) Eq. (5) suggests a volume transport of about 1m2 s−1. This on-
shore Lagrangian transport has to be balanced by an oﬀshore ﬂow.
Where in the water column that balancing return ﬂow occurs will aﬀect
the net eﬀect that the Stoke’s transport has on bottom layer scalar
distributions. If the return ﬂow occurs within the pycnocline (e.g.
Henderson, 2016) then 1m2 s−1 would represent a reasonable estimate
for the onshore bottom layer transport. There is some suggestion in the
salinity transects for both summer 2014 and 2015 (Fig. 3) that there is
oﬀshore transport within the pycnocline layer, which would be con-
sistent with this mechanism.
(5) High salinity lenses
High salinity lenses of water have been identiﬁed moving onshore
within the pycnocline of the Celtic Sea (Hopkins et al., 2012), driven by
non-linear second-mode internal waves. Combined with diapycnal
mixing between the base of the pycnocline and the bottom layer, these
would provide a mechanism for evolving the cross-shelf salinity gra-
dient by transporting salt onto the shelf during the summer. An estimate
of the volume ﬂux driven by these lenses can be made by considering
the mean ﬂows associated with their onshore propagation (0.02 m s−1)
and the typical lens thickness (30m) (Hopkins et al., 2012). This yields
a transport of 0.6 m2 s−1, which will be an upper limit due to the likely
temporal patchiness in the generation of the internal waves and lenses
(Hopkins et al., 2012). Whist there is some evidence in August 2014 of
higher salinities within the pycnocline near the shelf edge (Fig. 3c),
there are also examples throughout the summers of both 2014 and 2015
of lower salinities than either the upper or lower layers (Fig. 3).
The above estimates suggest that the bulk of the on-shelf bottom
layer ﬂow may be a result of wind-driven Ekman transports, near bed
pressure gradients and/or internal tide Stoke’s drift. It seems unlikely
that horizontal dispersion is able to contribute signiﬁcantly to the on-
shelf transport observed during early summer, and while high salinity
lenses could in principle contribute we cannot ﬁnd persistent evidence
of the required salinity signal in the summer of 2014 and 2015.
4.3. Oﬀshore transports during winter
There is an indication in the salinity transects and evidence from the
near bed currents recorded by the ADCPs across the shelf that water
moves oﬀ-shelf between November 2014 and March 2015. While we
lack CTD transect data through this period, we can make an assessment
of the net eﬀects of winter on the system by considering the changes in
the horizontal salinity structure. The November CTD transect took place
as the shelf water was quickly becoming fully-mixed by a combination
of convection due to surface cooling and wind-driven mixing, and we
know from the CCS mooring data that the shelf was vertically homo-
geneous by about mid-December (Wihsgott et al., this issue). The depth-
mean salinity structure in November 2014 should therefore be very
similar to that about 3 weeks later in mid-December, and we can
compare that with the pre-spring salinity in March 2015 (Fig. 11). The
35.45 g kg−1 isohaline moves across the shelf by about 180 km between
November and March, implying a cross-shelf ﬂow of about 2 cm s−1
and a transport over 110m depth of 2.2m2 s−1. Cross-shelf displace-
ments of the higher value isohalines are less, ∼70 km for 35.6 g kg−1,
∼40 km for 35.7 g kg−1. With mean depths associated with these iso-
haline movements of about 160m and 170m, this suggests transports of
1.4 and 0.9 m2 s−1. AT CCS ADCP evidence indicates an oﬀshore ﬂow
with mean velocities above 1 km day−1 between mid-November and
February 2015. Similarly, at CD an oﬀshore ﬂow occurred between
mid-November and April 2015, with maximum velocities (> 3 km
day−1) in December. Without more information over the winter it is
diﬃcult to be conﬁdent of the mechanisms driving these isohaline
movements, but we can indicate likely causes.
The simplest explanation of the overall reduction in shelf salinity
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between November and March is rainfall, with the strong winter mixing
redistributing the freshwater vertically. Considering the mid-shelf be-
tween distances of about 150 and 300 km, the salinity decreased by
about 0.1 g kg−1 over a mean depth of 100m. Assuming no horizontal
transport, and that the total mass of salt in the water column is con-
served, then a precipitation of 31 cm would be suﬃcient to produce the
observed salinity change. Between November and March the pre-
cipitation based on ERA-interim reanalysis was 16 cm at CCS and 18 cm
at the Celtic Deep. Taking account of the ERA-interim precipitation over
the ocean to be typically 0.3 mmday−1 higher than observations (Dee
et al., 2011) reduces the precipitation by about 3 cm over the period
November–March, suggesting that about 42–48% of the observed sali-
nity change can be attributed to rainfall. At the outer shelf, between a
distance of about 330 and 440 km, the observed salinity changes would
need a rainfall of∼ 50 cm and so about 26% of the salinity change is
likely due to precipitation.
Based on the analysis of the eﬀects of precipitation above, there
remains a consistent oﬀ-shelf transport of about 1m2 s−1 occurring
over winter that needs to be explained. The along-shelf edge wind stress
over the winter was seen to be consistently driving surface water oﬀ-
shelf, with a mean Ekman transport of 0.45m2 s−1. Considering the
cross-shelf horizontal salinity gradient this oﬀ-shelf ﬂux would drive a
decrease in surface salinity, with the compensating return ﬂow in-
creasing deeper water salinity. Towards the outer shelf the eﬀect of
depth-mean salinity can be estimated by taking a mean horizontal
salinity gradient of 1×10−6 g kg−1 m−1 and assuming that the surface
Ekman layer is about 30m thick, with the return ﬂow occurring in the
lower 120m. Over 3months advection of the salinity gradient then
yields a surface salinity decrease of 0.12 g kg−1, and a bottom water
salinity increase of 0.03 g kg−1. Weighting these contributions by the
layer thicknesses suggests almost zero change of the depth mean sali-
nity. Taking into account the non-linearity of the horizontal salinity
gradient, with the gradient tending to steepen at depth near the shelf
edge, would lead to a slight salinity increase in the depth mean salinity
of O(0.001 g kg−1). It is therefore unlikely that wind-driven Ekman
transport can explain the overall reduction of shelf salinity and the
implied oﬀ-shelf ﬂux of 1m2 s−1. One possible candidate mechanism
for this transport could be a ﬂux through the bottom boundary layer
driven by a cross-shelf pressure gradient. Assessing this is diﬃcult
without further data between November and March: the problem lar-
gely depends on whether the excess cooling in the shallower water on
the shelf, compared to the deeper outer shelf, can reverse the horizontal
density gradient set up by the horizontal salinity gradient across the
shelf.
4.4. Implications for nitrate sources to the central Celtic Sea
The time series of nitrate at CCS allows us to make some inferences
on the fate of nitrate throughout the year, and how the shelf is set up
with nitrate ready for the spring bloom.
We have suggested, based on dilution and processing of riverine
nitrogen, that the major riverine sources of nitrogen in the Bristol
Channel could be responsible for about 1mmol m−3 of the nitrate in the
central Celtic Sea. There are two sources of error to these estimates.
There is an uncertainty of about 15% in the empirical ﬁt linking nitrate
removal to transport timescale (Sharples et al., 2017), and there is
uncertainty in the time it takes riverine water to be transported to the
central Celtic Sea.
The on-shelf ﬂow of bottom water during summer will also supply
nitrate to the shelf. We can quantify this by using the time series of
salinity from CTD at 80m depth at CCS (Fig. 12) combined with a re-
lationship between salinity and nitrate concentration across the shelf in
March 2014, i.e. before the spring bloom and any biogeochemical
modiﬁcation of nitrate. There is a near linear increase in observed
bottom water nitrate between April and November 2014, from
8mmolm−3 to 9.7mmol m−3 (Fig. 12b, dashed line). Of this
1.7 mmol m−3 increase, 0.4 mmol m−3 or 25% can be attributed to on-
shelf transport in the bottom layer between March and August
(Fig. 12b. solid line) using the nitrate-salinity relationship. The total
depth at CCS was 145m, which in summer we will assume was made up
of a 40m surface layer and a 105m bottom layer. Within the bottom
layer a 0.4mmol m−3 nitrate increase, suggests a transport contribution
to total water column nitrate at CCS of about 40mmol m−2. The on-
shelf movement of isohalines at CCS slows between August and No-
vember (Fig. 4a) and only an additional 0.05–0.1 mmol m−3 nitrate is
supplied by advection during this period. From late summer onwards
the surface layer deepens, and by November has reduced the depth of
the bottom layer to 85m (Wihsgott et al. this issue). Therefore
Fig. 11. (a) Depth-mean salinity in autumn (November 2014) and (b) Salinity distribution in late winter (March 2015).
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approximately 7mmol m−2 of nitrate is transported to CCS in the
bottom water during this later summer and early autumn period.
Pre-spring nitrate concentration at CCS in 2014 was 8mmol m−3 in
a water column of 145m, so a total of 1160mmol m−2 (Fig. 13a). At
the end of August 2014 the 40m deep surface layer was completely
depleted in nitrate whereas the bottom 105m saw an increase in nitrate
concentration to 9mmol m−3, equating to a total water column DIN
content of 945mmol m−2 (Fig. 13b). The generation of organic mate-
rial during the spring bloom, vertical ﬂuxes of nitrate into the base of
the thermocline sustaining a subsurface chlorophyll maximum during
the summer months, on-shelf transport in the bottom layer and the
regeneration of organic material all contribute to the 215mmol m−2
total water column loss in nitrate during this period. Firstly, the spring
bloom nitrate use is taken as the surface mixed layer thickness (40m)
multiplied by the initial pre-bloom nitrate concentration of
8mmol m−3, contributing a 320mmol m−2 loss. The diapycnal nitrate
ﬂux to the subsurface chlorophyll maximum, that we assume is all
consumed, is estimated by using measurements of vertical eddy diﬀu-
sivity made close to CCS by Williams et al. (2013). For the 4months of
May-August we assume a background 1.5mmol m−2 d−1 for 110 days,
and storm driven ﬂuxes of 20mmol m−2 d−1 for 10 days, giving a total
loss of 365mmol m−2. Whereas nitrate is lost from the system to the
spring bloom and SCM production, on-shelf transport in the bottom
105m of the water column over the summer provides a 40mmol m−2
increase to the total water column nitrate budget. Considering the
change in nitrate concentration over the bottom 105m between March
and August (1 mmol m−3 increase) and taking into account losses via
diapycnal mixing (−365mmol m−2) and gains due to on-shelf advec-
tion (+40mmolm−2), there remains a 430mmol m−2 excess in nitrate
suggesting a signiﬁcant amount of organic material has been re-
generated in the bottom layer. Distributed over 105m this equates to a
concentration of 4.1 mmol m−3, which would have originated from the
Fig. 12. (a) Bottom water salinity at CCS from CTD
casts. (b) Observed nitrate concentration in CCS
bottom water (dashed line) and nitrate concentra-
tion (black line) inferred from the movement of
isohalines from the March 2014 nitrate-salinity re-
lationship. (c) Diﬀerence between observed nitrate
and the predicted supply from physical transport.
Fig. 13. Total water column dissolved inorganic nitrogen budget at CCS between March 2014 and March 2015 based on observed nitrate concentrations (in mmol
m−3) and our estimates of bottom layer transport and nitrate uptake by phytoplankton. All losses and gains (in mmol m−2) are relative to the previous date.
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upper 40m of the water column. Given the original pre-bloom con-
centration of 8mmol m−3, this implies that 51% of the nitrate taken up
by the spring bloom had been recycled into the bottom layer by August.
Note that this recycling estimate assumes that neither de-nitriﬁcation
nor nitrate ﬂuxes from sediments are signiﬁcant.
The total water column nitrate in November was made up of a 60m
deep surface layer (nitrate concentration of 2mmol m−3) plus a 85m
bottom layer (with 9.7mmol m−3 nitrate), yielding 945mmol m−2 (i.e.
no change in total water column budget since August, Fig. 13c). Nitrate
used by the autumn bloom is estimated by convectively mixing the
August surface layer from 40m to 60m, entraining 20m of water with
9mmol m−3 nitrate concentration. Distributing this over the 60m au-
tumn mixed layer gives a concentration of 3mmol m−3. Knowing that
in November only 2mmol m−3 was observed in the surface layer,
1 mmol m−3, or 60mmol m−2, is assumed to have been used by the
autumn bloom by the time of the November survey. Between August
and November there is an order of magnitude reduction in the advected
bottom water supply of nitrate, estimated to be just 7 mmol m−2. This is
insuﬃcient to explain the 60mmol m−2 nitrate excess that accumu-
lated between August and November (85m×0.7mmol m−3 con-
centration) and 53mmol m−2 nitrate is therefore assumed to have been
recycled. This represents 62% of the 1mmol m−3 used during the au-
tumn bloom.
By March 2015 the total water column nitrate had increased to
1015mmol m−2 (Fig. 13d). Over winter the 145m deep water column
was fully mixed and nitrate concentrations pre-spring bloom in 2015
were 7mmol m−3. Oﬀ-shelf transport over the winter works to reduce
the total water column nitrate at CCS. Taking into account the eﬀect of
winter rainfall, the reduction in nitrate is calculated by taking the
depth-mean salinity and nitrate proﬁles in November 2014 and ad-
vecting them oﬀ-shelf to align with the depth-mean salinity in March
2015. This suggests that oﬀ-shelf advection reduces the total water
column nitrate by 70mmol m−2. Knowing that there was a
70mmol m−2 increase in total water column nitrate between November
2014 and March 2015, 140mmol m−2 (approximately 1mmol m−3 in
145m water column) must have been either recycled and/or physically
re-supplied.
The closeness of our nitrate budget estimate and the observed pre-
bloom nitrate suggest that a combination of on-shelf advection of ni-
trate (25%) from the shelf edge during the summer and 50–62% re-
cycling of organic nitrogen are suﬃcient to maintain the shelf nitrate
pool. River supplies also make a contribution, potentially providing
some of the 140mmol m−2 required to close the budget in March 2015,
but we again note the signiﬁcant uncertainties in our understanding of
river nitrogen processing on the shelf and the transport time from the
rivers to the mid and outer-shelf.
Finally, there is a ∼1mmol m−3 diﬀerence in pre-spring nitrate
concentrations across most of the shelf between 2014 and 2015. This
implies signiﬁcant inter-annual variability in the shelf nutrient pool,
which likely arises from changes in the shelf edge and riverine
boundaries as the main sources of nutrients to the shelf. An assessment
of the winter freshwater nitrogen concentration (Fig. 14) indicates a
range in the nitrogen concentration of 200–450mmol m−3, so a median
of 325mmol m−3 with a range of± 40%. At CCS this would translate
into a mid-range riverine nitrate contribution of 0.8 mmol m−3, with a
range of 0.5–1.1mmol m−3. Considering the shelf edge boundary,
changing the depth of the winter mixed layer will alter the nitrate
concentration boundary condition adjacent to the shelf. Typical winter
mixed layer depths in the Northeast Atlantic range between 212 and
476m (Hartman et al., 2014). Using the nitrate proﬁle over the shelf
slope in November 2014 and mixing it down to depths of 200 and
500m changes the mixed layer nitrate concentration from 6.4 to
8.9 mmol m−3. Our tentative suggestion therefore is that variability in
both riverine nutrient supplies and the depth of the ocean winter mixed
layer are signiﬁcant in driving inter-annual variation of shelf nutrient
pools, with the oceanic mixed layer depth being the most important.
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